Abstract-In this paper, signed-rank based nonparametric detectors are used for pseudonoise (PN) code acquisition in direct-sequence spread-spectrum (DS/SS) systems. We first derive the locally optimum rank (LOR) detector and then propose the locally suboptimum rank (LSR) and modified signed-rank (MSR) detectors using approximate score functions. We compare the single-dwell scheme without the verification mode using the proposed LSR and MSR detectors with that using the conventional squared-sum (SS) and modified sign (MS) detectors. From the simulation results, it is shown that the proposed LSR and MSR detectors perform better than the MS detector by about 2-3 dB and are nearly optimum.
I. INTRODUCTION

W
HEN the receiver and transmitter in a direct-sequence spread-spectrum (DS/SS) system start communicating each other, the local despreading pseudonoise (PN) code sequence should first be synchronized to the incoming spreading PN code sequence. The synchronization process is normally composed of two steps: code acquisition and tracking. The code acquisition is a process of successive decisions wherein the final goal is to bring the two code sequences into (at least) coarse time alignment within a fraction of the chip duration . After the successful code acquisition, a code tracking loop is used to synchronize the two code sequences even more accurately. In this paper, we consider the code acquisition problem [1] - [5] .
The basic unit in any acquisition receiver is a decision-making device; that is, a detector. The class of detectors can be classified as either coherent or noncoherent; according to the specific detection criteria, it can be classified into Bayes, Neyman-Pearson, and etc. In this paper, we consider the noncoherent Neyman-Pearson detector. In the conventional parametric detector, we have to estimate the variance of time-varying interference to decide the threshold of a detector [6] , [7] . Small deviation of the estimated value from the real value, however, may lead to a significant performance degradation of the parametric detector. The nonparametric detector based on the sign statistic has been proposed recently for the PN code acquisition problem, whose threshold can be decided without first estimating the variance of interference [8] .
In this paper, nonparametric detectors based on the signed-rank statistic are used for PN code acquisition in DS/SS systems. We first derive the locally optimum rank (LOR) detector and then propose the locally suboptimum rank (LSR) and modified signed-rank (MSR) detectors using approximate score functions. We apply these detectors to the single-dwell scheme with the straight-serial strategy and then investigate the performance of the code acquisition system.
II. THE OBSERVATION MODEL
If we ignore the Doppler shift and fading effects, the received signal can be described by (1) In (1), is the number of users; is the th user's energy per chip (2) is the th user's PN code sequence; is the chip duration; is the time delay of the incoming th user's spreading PN code sequence divided by ; is the carrier angular frequency; is the th user's unknown phase uniformly distributed over ; and is the additive white Gaussian noise (AWGN) with mean zero and variance . In (2) , is the th user's PN sequence value at the th chip time, where , and is the unit step function, whose value is if and 0 otherwise. In this paper, we assume that the first user is the desired user and . The th sampled inphase and quadrature components shown in Fig. 1 can be expressed as (3) and (4) respectively, where is the time delay of the locally generated despreading PN sequence divided by and . Here, is the initial time and is an integer. Now we consider the PN code acquisition problem. Consider the real straight-serial PN code acquisition scheme without the verification mode. Using the PN code sequence locally gener-0018-9545/01$10.00 ©2001 IEEE ated, we obtain the inphase and quadrature channel data and , , evaluate a test statistic, and then compare the value of the test statistic to the threshold. Here, is the partial correlation period. If the value of the test statistic is greater than the threshold, we decide that the locally generated PN sequence is synchronized to the incoming PN code sequence within : the acquisition mode is completed and the tracking mode is started. Otherwise, the local PN code sequence is left shifted by and we repeat the above procedure. The searching job will continue till the value of the test statistic is greater than the threshold. When the code tracking fails, the searching job will start again.
From the above description, it is clear that we can regard the PN code acquisition problem as a binary hypothesis testing problem: given two observation vectors and , a decision is to be made between the null hypothesis and alternative hypothesis , where (5) and (6) We can alternatively express the null and alternative hypotheses using the statistics of and (7) and (8) In (7) and (8), is the signal strength parameter, , and and are the uncorrelated inphase and quadrature interference components, respectively, with the common probability density function (pdf) . Here, denotes the normal pdf with mean and variance , and . The derivation of the statistics of and is shown in Appendix A. The problem can be thought as the following parameter hypothesis problem, because the null hypothesis is the special case,
, of the alternative hypothesis:
and (10) For given , let be the joint pdf of and as a function of (11) The joint pdf of the sampled inphase and quadrature observations , , is then (12) under the assumption that the samples of the bivariate observation process form a sequence of independent random vectors for given . In (12), denotes the expectation over .
III. THE LOCALLY OPTIMUM RANK DETECTOR TEST STATISTIC
To derive detection schemes based on signs and ranks only of the observations, let be the vector of signs , and let be the magnitude rank vector with being the rank of in the set . Here, is the sign function, whose value is , if and , otherwise. We will also use to denote the th smallest member of the set . We define , , and in a similar manner. Let and be the discrete probability mass functions (pmfs) of , , , and jointly under and , respectively. Then (13) and (14) where . Applying the generalized version of the Neyman-Pearson's fundamental lemma [9] , [10] , we get the test statistic of the LOR detector as the ratio (15) where is the first nonzero derivative of at .
Using (17) and (18) with and . The proof of the result (16) is given in Appendix B.
For the Gaussian pdf, the values of the score functions and cannot be obtained analytically. Although methods of numerical analysis can be used to obtain the values, we may instead use asymptotic approximations to the score functions [11] . The approximate score functions and are
and (20) where is the standard normal cumulative distribution function (cdf). With the approximate score functions, the LSR detector can be constructed. After the appropriate substitutions of (19) and (20) where , , and is the false alarm probability. Thus, using (23) and (24), the detection probability is (25) Now we consider the effect of Rayleigh fading. We assume that the Rayleigh fading is slow enough so that the amplitude as well as the phase remains constant over chip times but fast enough so that successive chip segments are essentially independent. In the null hypothesis, the test statistic is the same as that in the unfaded case. We can thus use the same threshold and randomization parameter as in the unfaded case. Then we can get the average detection probability , where is the pdf of the Rayleigh fading [1] .
IV. SIMULATION RESULTS
In this section, we compare the single-dwell scheme without the verification mode using the proposed detectors with that using the conventional detector. As the performance measure, we use the time elapses prior to acquisition, which will be called the code acquisition time . When the timing error is uniformly distributed, the average code acquisition time of the single-dwell scheme without the verification mode is (26) where the penalty time factor; the code sequence length; the dwell time per cell in the search mode. The simulation conditions are as follows.
• Search mode: straight-serial.
• Chip duration s.
• Dwell time per cell s.
• Code sequence length : 32 767 chips. • Partial correlation length : 128 or 256 chips.
• Timing error : uniformly distributed over s s .
• Penalty time factor . • Normalized residual shift : uniformly distributed over . We consider the noncoherent reception of Rayleigh-faded signals in AWGN. We assume that for all and , and . We use the squared-sum (SS) detector as the conventional parametric detector, the modified sign (MS) detector as the conventional nonparametric detector, and the LSR and MSR detectors as the proposed nonparametric detectors. For the SS and MS detectors, the test statistics are given by (27) and (28) respectively [4] , [8] . Fig. 3 shows the average code acquisition time as a function of the signal-to-noise ratio (SNR) in the noncoherent Rayleighfaded reception case, when , , and . The number of Monte Carlo runs for each point is 100 000. In this figure, the solid, dashed, dotted, and dashdot lines represent the LSR, MSR, SS, and MS detectors, respectively. We assume that the variance of interference is known a priori in the SS detector case. The SS detector has the best performance among the detectors compared, because it is the optimum detector in AWGN. The proposed LSR and MSR detectors perform better than the MS detector by about 2-3 dB and are nearly optimum. Fig. 4 shows the average code acquisition time as a function of the SNR in the noncoherent Rayleigh-faded reception case, when , , and . The other conditions are the same as those of Fig. 3 . The performance of the detectors shows a tendency quite similar to that in Fig. 3 . A main difference is that the code acquisition time in Fig. 4 is greater than that in Fig. 3 . This is because the detection probability gets lower, as the multiple access interference gets larger. Fig. 5 shows the average code acquisition time as a function of the SNR in the noncoherent Rayleigh-faded reception case, when , , and . The other conditions are the same as those of Fig. 3 . The performance of the detectors also shows a tendency quite similar to that in Fig. 3 . A main difference is that the code acquisition time in Fig. 5 is greater than that in Fig. 3 : the detection probability decreases, as the partial correlation period (that is, the sample size) decreases.
V. CONCLUSION
In this paper, signed-rank based nonparametric detectors were used for PN code acquisition in DS/SS systems. We could decide the thresholds without first estimating the variance of interference, because these detectors were nonparametric. We first derived the LOR detector and then proposed the LSR and MSR detectors using approximate score functions. We compared the single-dwell scheme without the verification mode using the proposed LSR and MSR detectors with that using the conventional SS and MS detectors. From the simulation results, it was shown that the proposed LSR and MSR detectors performed better than the MS detector by about 2-3 dB and were nearly optimum. For the time being, we keep . We assume that , , and are mutually independent random variables. If and is not quite different from for all and (so that ), we have . That is, we ignore the interchip interference effect in this paper.
We can obtain the means and variances of under the null and alternative hypotheses similarly 
